Abstract-This paper proposes a significant motion vector protection (SMVP) scheme for error-resilient transmission of ,'ideos. In terms of II rate-distortion optimization model, we show how to detennine the significant motion vectors (SMVs) and how much rate space should be preserved to store SMVs. The idea behind our method is to give more protection to significant data. As a result, our method can be regarded as a kind of unequal error protection mechanisms. In comparison with the comentionai rorward error correction (FEC) and error conceal ment methods, experimental results demonstrate the efTecth'eness of the proposed method. In particularly, our method shows its superiority under the situation of higher packet loss rates.
INTRODUCTION
With the advancement of the Internet and multimedia tech nologies, transmission of compressed media data in an error prone environment becomes frequent. Due to the inherent packet loss property of the Internet, robust transmission of video via error control mechanism has attracted much attention fOf a long time. In the literature. a number of error control schemes have been proposed (I), [2] , [5] , [6] , (7] , [8] , [9] for robust video transmission. Wang and Lin [8] provided a MDC approach, which can stop errors from propagating into subsequent frames. Puri et al. [3] proposed a FEe-based multiple description coding (MDC) scheme for layer coding that can recover the first important k layers when any k out of '/1 (k :<::: n) descriptions can be successfully received.
Data hiding technologies have also been employed for correcting errors. In [2], Lu proposed a fragile watennarking method for error detection and recovery of image transmission.
Shanableh and Ghanbari [6] proposed an error concealment scheme, which can be regarded as a data hiding-like method.
Since motion vectors play a crucial role in the video decoding process, they exploited the inherent B-pictures property in that the concealment motion vectors can be restored if it is forced to be derived from the relationship between forward motion vector and backward motion vector. It was efficient for error concealment at the decoder end at the expense of sacrificing the video coding efficiency. In [7] , Song and Liu proposed a MV protection scheme by embedding the MV parity bits of the current frame into its subsequent frame. The main drawback is that the number of lost slices within a frame was restricted to I. Yin et at. [9] improved Song and Liu's work by embedding frame-wise parity bits that were generated from motion vectors for resisting burst errors.
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0-7803-8578-0/04/$20.00 ©2004 IEEE Recently, side information concept (I), (5] has been ad dressed for robust video transmission. Sehgal er at. [5] pro posed the idea of peg frame in H.264, which was used to play the role of a reference frame in order to prohibit from error propagation. However, video frames were restricted to refer peg frame only in motion estimation, thus the coding efficiency would be sacrificed. Aaron ef al. [1] proposed frame hash to help decoder in estimating motion vectors.
On the other hand, unequal error protection (UEP) is usually adopted for video transmission in that significant data is given more protections than insignificant data. In this situation, different MVs should be endowed with different degrees of importance in order to give proper protection. In this paper, we propose a significant motion vector protection-based error resilient scheme for H.264. We investigate how to identify significant motion vectors and how they can be detennined from a rate-distortion model.
The remainder of this paper is organized as foJlows. In Sec. II, we discuss how to generally detennine important side information according to a distortion model. In Sec. III . the proposed method based on using motion vectors as side infromation is described. Experimental results are given in Sec.
IV and conlusions are drawn in Sec. V, respectively.
II. DISTORTION-BASED SIGNIFICANT SIDE INFORMATION

DETERMINATION
In this section, we discuss where SMVs can be extracted according to distortion measurement. More specifically, SMVs are extracted from those macroblocks (MBs) decoded (using side information) with larger distortions. The side information may be motion vector, residual errors, and so on that are used at decoder. In this paper, if a corrupted MB is corrected using error concealment only, then it is said that no side information is used.
Let D(i) be the distortion of ilh MB decoded without using side information, and let DS(i) be the distortion of itk ME decoded using side information. Distortion here means the mean-square-error (MSE) measured between the corrected MB and its original version. Let Y(i) be the difference between D(i) and DS(i) as Eq. (I) can be interpreted in two ways. First, when Y(i) is small, it means that corrupted macro block could be properly corrected using default error concealment technique only and error correction using side infonnation would not be helpful. In this case, the side information associated with this kind of MBs is defined to be insignificant and are not further stored in our method. Second, when Y(i) is large, it means that corrupted macroblock cannot be properly corrected using default error concealment technique only and error correction using side information is more helpful. In this case, the side information associated with this kind of MBs is defi ned to be significant and are further stored in our method for error correction.
So far, we have described what side information should be stored for further error correction, How many significant motion vectors need to be stored will be discussed in the next section based on a rate-distortion model.
III. PROPOSED METHOD
As mentioned in the previous section, "side infonnation" is helpful in correcting transmission errors and in identifying significant motion vectors. In this section, we will adopt mo tion vectors, which are available during encoding, as the side infonnation . In addition, two major issues will be addressed.
First, we shall define what are significant motion vectors (SMVs). Second, we have to determine how much rate space should be preserved for SMVs.
A. Significant Motioll Vectors
Suppose there are, in total, N macroblocks in a video frame.
As mentioned in Eq. (I), the SMVs are defined based on the error function E(.) as follows:
where FMc(i) is the PSNR value of the macroblock i (denoted as AIBi) decoded using motion vector only and PCE(i) is the PSNR value of M B; obtained using error concealment. Based on E(i)'s, the significance of a motion vector is determined according to the following rules:
• If E(i) is small, it means that error concealment is feasible to decode AI B;. The MV associated with M B; is determined to be insignificant. is the policy of the ith MY in determining it importance. If the ith MV is determined to be significant, we set 11; = 1; otherwise we set 1ri = O.
B. Rate-Distortion Model
How many MVs should be determined to be signifi cant is based on a rate-distortion model. First, we consider three cases of distortions that may be caused by decoding macroblocks.
• If the ith macroblock, 11'1 Bi, can be decoded, the distor tion, Pi(i, Qp), of the macroblock is purely caused by quantization.
• If M Bi can not be decoded and its corresponding SMV exists, the distortion, P; (i, Qp), of the macroblock is the residual error.
• If M B; can not be decoded and its corresponding SMV does not exist, the distortion, P�(i), of the macroblock is caused by error concealment at decoder.
Given a macroblock loss rate Pl and a macroblock policy 11;, the quality obtained by decoding Al Bi can be statistically defined as follows:
where Qp is a quantization parameter. In addition, the frame quality J(II, Qp} is defined to be the concatenation of P(i, Q1')'s, i.e., J(ll; Q p) = EB;P(i, Qp).
For a given video frame, its objective quality, J(II, Qp), depends on the quality parameter Qp and the policy vector II.
In order to store the significant motion vectors that are defined in the previous section, the original video data rate needs to be reduced. Then, the reduced bit rate is used to store signifi cant motion vectors. How many space should be reduced depends on the quantization parameter Qp' as defined in Eq. (3). Once Qp is determined, the number of significant motion vectors can be determined as well. Suppose R* is the target frame bit-rate, and R(n, Qp} is the ,total bit-rate that is the sum of the frame bit-rate obtained by encoding with Qp, together with the bit rate obtained by encoding SMVs. Thus, the policy vector II could be determined by maximizing J(ll, Qp) subjected to the bandwidth limitation [R(TI, Qp) :::; R*], For a specific Qp, a policy vector n can be generated from J(ll, Qp). Therefore; the optimal policy vector II can be found by selecting the ma�imal J(ll, Qp) from among all Qp's.
C. Embedding and Detection of SMVs
H.264 provides mUltiple-reference frame prediction for se lecting the reference frame. In general, the time distance between the current ; frame and its reference frame is usually small. Due to burst errors, both the current frame and its reference frame may be simultaneously corrupted. In order to reduce the probability that both SMVs and MVs are corrupted simultaneously, we choose the least referenced frame to embed SMVs. To simplify i, mplementation, we embed SMVs directly into the video bitstream using the same strategy of MV d· I enco mg. I The SMVs extraction process is basically the inverse oper ation of the MV de�oding process. When a specific frame is decoded, its SMVs, in fact, has already been extracted in the previous frames. When the SMVs are available, the decoder can simply copy the corresponding MEs indexed by SMVs to recovery the corrupt�d MBs. On the contrary, if SMVs are not available, the decoder simply uses default error concealment algorithm to deal with the corrupted MBs.
IV. EXPERIMENTAL RESULTS
Two commonly used videos, "Mother&Daughter" and "Foreman", were adopted in our experiments. The bit-rate of "Mother&Daughter" was 66.71 kbitls at 30 frames/sec and the bit-rate of "Foreman" was 150.7 kbit/s at 30 frames/sec. The GOP structure was "IPP ... P" and our method was developed based on the H.264 codec [10] . Since a slice is defined as a row of macroblocks in a frame and each slice is packed as a packet, therefore, packet loss rate is equal to macroblock lost rate PI, as previously shown in Eq. (3).
In our method, SMVs are directly stored into a bitstream.
Thus, it can be regarded as a FEe-based unequal error pro tection mechanism. In order to fairly compare the perforrnace of our method with the existing methods, we adopted two widely used methods. One is the inherent error concealment mechanism adopted in H.264. The ot her one is a FEC-based approach, which is EREC [4] + Reed-Solomon (RS) code. Fig. 1 plots the PSNR curves of "Mother&Daughter" av eraged from IO runs when packet loss rate was 0.1. It can be observed that SMVP method shows the best result and FEC-based method shows the worst result. The reason is that "Molher&Daughter" is a low bit-rate video that is very sensitive to video rate variations. Fig. 2 plots the PSNR curves of "Foreman" averaged from 10 runs when packet loss rate was 0.1. It can be observed that the result obtained using SMVP method is lower than that obtained using FEC with RS(l5, 9, 3) up to 2 dB. However, it should be noted that it is impossible to determine in advance what kind of FEC parameters need to be used. As a result, the merit of FEC-based error control method is not always guaranteed.
Under the circumstance of higher packet Joss rates, our SMVP scheme reveals its superior ability. Fig. 3 
